Introduction
HIV-1 becomes a newly acquired genetic locus upon integration into the human genome. Efforts to eradicate HIV-1 have been frustrated by the genomic persistence of replication-competent provirus despite promptly initiated and prolonged, potent antiretroviral therapy. In a subset of infected individuals (~1%), viral transcription from this locus is low to absent even in activated CD4 + T lymphocytes that have the capacity to harbor productive infection (1, 2) . These individuals are referred to as elite or viremic controllers, the latter having low levels of plasma viremia (<2,000 copies/ml) and the former consistently maintaining levels below the limit of detection of current assays.
Individuals with atypical responses to HIV-1 infection have been intensively studied with the hope that the discovery of underlying mechanisms can be harnessed for therapeutic and preventive advances. Perhaps the most striking example is the identification of HIV-1 coreceptor CCR5. Certain individuals with mutated CCR5 are resistant to HIV-1 infection despite high-risk behaviors (3, 4) . Pharmacologic inhibitors of CCR5 have emerged as a component of multidrug regimens for the treatment of infected individuals (5) . More recently, elegant genome-wide association studies of controller cohorts point to immune-based mechanisms of viral control (6) . For example, polymorphisms in the HLA class I locus, especially in the region of HLAB and HLAC, are associated with slower disease progression (7, 8) . Other immunologic factors are also likely involved, implicating arms of both adaptive and innate immunity, but with less consistent correlations with HIV-1 disease phenotype (9) (10) (11) , pointing to the underlying complexity of the viral/host relationship (12, 13) .
HIV-1 depends on the host cellular machinery to support its replication, rendering the host proteome a major determinant of viral infection. Well-known HIV-1 cellular cofactors operating at the postentry level include lens epithelium-derived growth factor (LEDGF, also known as p75; essential for HIV-1 genomic integration) (14, 15) , positive transcription elongation factor (P-TEFb; important for HIV-1 transcription) (16, 17) , and tetherin (which inhibits the release of progeny virions) (18) . Recent genome-wide siRNA screens (19) (20) (21) and other systemic approaches (22, 23) have identified numerous HIV-1-related host factors, but few of the identified factors appear to be differentially expressed according to disease burden. One exception appears to be SAM domainand HD domain-containing protein 1 (SAMHD1), which depletes A rare subset of HIV-1-infected individuals is able to maintain plasma viral load (VL) at low levels without antiretroviral treatment. Identifying the mechanisms underlying this atypical response to infection may lead to therapeutic advances for treating HIV-1. Here, we developed a proteomic analysis to compare peripheral blood cell proteomes in 20 HIV-1-infected individuals who maintained either high or low VL with the aim of identifying host factors that impact HIV-1 replication. We determined that the levels of multiple histone proteins were markedly decreased in cohorts of individuals with high VL. This reduction was correlated with lower levels of stem-loop binding protein (SLBP), which is known to control histone metabolism. Depletion of cellular SLBP increased promoter engagement with the chromatin structures of the host gene high mobility group protein A1 (HMGA1) and viral long terminal repeat (LTR), which led to higher levels of HIV-1 genomic integration and proviral transcription. Further, we determined that TNF-α regulates expression of SLBP and observed that plasma TNF-α levels in HIV-1-infected individuals correlated directly with VL levels and inversely with cellular SLBP levels. Our findings identify SLBP as a potentially important cellular regulator of HIV-1, thereby establishing a link between histone metabolism, inflammation, and HIV-1 infection.
Stem-loop binding protein is a multifaceted cellular regulator of HIV-1 replication Virologic and hematologic profile of the 20 study subjects employed in the initial proteomic screen. Top: Ten subjects had plasma VL less than 2,000 copies/ml (mean = 356 ± 122). The other 10 subjects had plasma VL over 10,000 copies/ml (mean = 47,725 ± 17,473). VL was statistically significant (P < 0.01) between the 2 groups. Bottom: The mean CD4 count between the high (523 ± 104) and the low (787 ± 109) VL group did not reach statistical significance. Mann-Whitney test; **P < 0.01; error bars represent ± SEM. (B) Schematic diagram of the proteomic screen. In each of the 2 independent screens performed, PBMCs from 5 high-VL (>10,000) individuals were pooled and subjected to "heavy" isotopic labeling. In parallel, PBMCs from 5 low-VL (<2,000) individuals received similar treatment, but with "light" media. After labeling, proteins were extracted and subjected to standard SILAC-based LC-MS/MS analysis. PHA/IL-2 (Phytohemagglutinin and Interleukin-2) (C) Histogram of SILAC ratios revealed symmetrical distribution along ratio = 1 (log 2 = 0) trend line for both groups. The log 2 transformed ratios were grouped into ratio bins, and the y-axis showed the relative number of detected ratios per bin. (D) Differentially expressed (P < 0.05) candidates from the proteomic screen. Fifty-five candidates emerged from group 1, while group 2 yielded 74 candidates. Among them, 23 candidates, shared by both groups, were subjected to further analysis. (E) Statistically significant (P < 0.05) overrepresentation of biologic processes (BP) and cellular components (CC) based on DAVID analysis of the 23 candidates (Supplemental Table 5 ). There was no significant overrepresentation of molecular function. teomes of the cohorts according to VL category. A total of 3,068 and 3,190 unique proteins were identified (Supplemental Table 2 ) from the 2 groups, respectively. Before in-depth analysis, we plotted log 2 transformed "heavy"/"light" ratios of all proteins from the 2 groups. The normal distribution of protein ratios indicated that our experimental techniques did not produce bias ( Figure 1C ). Significantly up-and downregulated protein candidates were identified by first calculating the cutoff values for the first (>1.61 and <0.58) and second groups of data (>2.13 and <0.43) (Supplemental receiving antiretroviral medication. We recruited 10 subjects with viral load (VL) less than 2,000 copies/ml (VL low ) and 10 subjects with viral load greater than 10,000 copies/ml (VL high ) ( Figure 1A and Supplemental Table 1 ). We randomly divided the subjects into 2 groups (each containing 5 blindly chosen individuals with high and low VL) and initially used a cohort-based analytic approach to minimize interindividual proteomic variations.
Using techniques based on Stable Isotope Labeling by Amino acids in Cell culture (SILAC) (Figure 1B) , we compared the pro- Figure 2 . Identification of HIV-1-related host factors by a 2-phase β-gal reporter assay. (A) Schematic representation of siRNA screen to identify potential roles of the 23 host candidates in the HIV-1 life cycle. siRNAs against each candidate were transfected into TZM-bl cells. HIV-1 NL4-3 was added at 24 hours after transfection. Forty-eight hours after infection, cells were subjected to phase I β-gal assay. For phase II, the culture supernatant was HIV-1 p24-adjusted and added to fresh TZM-bl cells. Twenty-four hours after the addition of supernatant, the fresh cells were subjected to β-gal quantification. (B) Phase I β-gal assay results revealed that depletion of 5 of 23 proteins (KPNA2, PGM2, H2AZ, H2B1N, and H4) led to a significant change in reporter activity. (C) No candidates impacted phase II β-gal assay results. In both phase I and II assays, nontarget siRNA control (negative control), siRNA against CD4 (positive control for phase I), and RABEK (positive control for phase II) were also used. For each candidate, analyses were performed in 3 biologic replicates, each associated with technical triplicate measurements. Student's t test; *P < 0.05, **P < 0.01; error bars represent ± SD. Figure 1 ). RNAi treatments had no significant effect on cell survival or proliferation (Supplemental Figure 2) . As seen in Figure 2B , of the 23 candidates, depletion of 5 host proteins led to significant phase I effects (P < 0.05). Among them, the depletion of KPNA2 and phosphoglucomutase-2 (PGM2) led to approximately 20% (P < 0.05) and 45% (P < 0.05) lower β-gal activity, respectively. Notably, depletion of all candidate histones except H1X and H12 led to between 20% and 45% (P < 0.05) increase in β-gal activity. We confirmed these results using 4 independent siRNAs for each of the 5 significant hits (KPNA2, PGM2, H2AZ, H2B1N, and H4) (Supplemental Figure 3 ). We next addressed whether any of the candidate proteins affected viral infectivity. Culture supernatants from siRNA-treated cells were p24-adjusted and applied to new TZM-bl cells, and β-gal activity was measured (phase II). The supernatants derived from the cells with individually depleted proteins did not produce significant changes in β-gal readings in recipient cells (Figure 2C and Supplemental Figure 4 ). These results likely reflected Table 3 ). The stringency of identification was increased by requiring that each protein associated with at least 2 unique peptides. Using these filters, a total of 55 and 74 differentially expressed protein candidates were assigned to the 2 groups, respectively (Supplemental Table 4 ). We merged these independent data and identified a total of 23 proteins that were shared by both groups ( Figure  1D and Supplemental Table 5 ). Of these 23 candidates, Database for Annotation, Visualization and Integrated Discovery (DAVID) analyses revealed significant enrichment (P < 0.05) of nucleosome assembly-related biologic processes and nucleosome or chromatin cellular components ( Figure 1E and Supplemental Table 6 ).
Identification of HIV-1-related host factors. The first indication that our experimental methodology was capable of identifying bona fide HIV-1-related host factors came from mining the HIV-1 Human Interaction Database (26) . Of the 23 identified proteins, 8 had been previously associated with HIV-1 (Supplemental Table 5 ). For example, the HIV-1 restriction factor SAMHD1 (27) was expressed at lower levels in VL high . In contrast, karyopherin subunit α2 (KPNA2), which facilities the nuclear entry of the viral preintegration complex (28) , was overexpressed in VL high . Vinculin (29) , ferritin (30) , and 4 histones, histone H12 (31), histone H2AZ (32), histone H2B1N (33) , and histone H4 (34) , were all underexpressed in VL high . To determine which of the candidate proteins had a direct effect on the HIV-1 life cycle, we used a 2-phase reporter assay that allowed us to assess the impact of RNAi-mediated depletion of each candidate protein on HIV-1 replication. The reporter assay (Figure approximately 50% to 70% in the VL high compared with the VL low cohort. RT-PCR profiling revealed an approximately 30% to 55% (P < 0.05) reduction among the VL high cohort ( Figure 3B ). The mechanism of simultaneous underexpression of multiple histones in VL high was at first perplexing. Interestingly, histones share a unique feature in that their mRNAs end with a 3′ stem-loop structure rather than the ubiquitous poly-A tail (35) . Stem-loop binding the complexity of virion biogenesis involving the activity of multiple human proteins with high levels of redundancy (19) .
Stem-loop binding protein serves as a histone-related HIV-1 host factor. Notably, among the 5 significant candidates identified in phase I, 3 were histones. We first validated the mass spectrometry-based quantifications by Western blot profiling of the original samples. As seen in Figure 3A , histone protein levels were reduced + T lymphocytes led to significantly higher (~1.6-to 2.1-fold) levels of p24 in culture supernatant at 48 hours after infection as quantified by ELISA. Western blots were used to measure and verify HMGA1 and SLBP protein levels for each experimental condition. (n = 3 biologic replicates.) Student's t test was performed for A, B, E, and G. One-way ANOVA with post hoc Tukey's test was used for D and F. *P < 0.05, **P < 0.01; error bars represent ± SD. Si(h), short interfering (hairpin) RNA.
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protein (SLBP) is known to bind to the stem-loop structure and is involved in stabilizing mature histone mRNAs as well as regulating their transport and translation (36, 37) . In cell culture, RNAi-mediated reduction of SLBP led to decreased expression of histone candidates at both protein and mRNA levels (Supplemental Figure  5 and summarized in Supplemental Table 7 ). The close correlation between histone and SLBP prompted us to profile SLBP expression in our original cohorts by Western blot; we documented approximately 50% underexpression in both VL high groups ( Figure 3C ). We next measured the effect of SLBP reduction on the viral life cycle using the previously described 2-stage reporter assay. As seen in Figure 3D , SLBP depletion was associated with an approximately 2.7-fold increase (P < 0.01) in β-gal activity with SMARTpool siRNA and up to a 2-fold increase (P < 0.05) of reporter activity when treated with individual siRNA species. SLBP siRNA treatment achieved over 80% depletion efficacy with SLBP SMARTpool and 70% to 80% with individual SLBP siRNA (Supplemental Figure 6 ) with no significant effect on cell survival or proliferation (Supplemental Figure 7) . Similar to our work with individual histone proteins, SLBP depletion had no effect on viral infectivity. Figure 5 . Impact of SLBP depletion on HMGA1 and HIV-1 promoter activity and transcription factor accessibility. (A) ChIP assay revealed that the transcription factor SP1 had higher binding affinity to specific promoter regions of HMGA1 upon SLBP depletion with relative enrichment of binding in the region -358 to -213 (P < 0.01). This was in agreement with predicted (EpiTect ChIP; Qiagen) SP1 binding sites (-289 to -278). (B) ChIP assay showed that the transcription factor SP1 also had higher binding affinity to specific regions of the HIV-1 promoter (or LTR). SP1 binding was enriched in the region of -153 to -22 (P < 0.05). The bottom schematic diagram shows the known binding regions of SP1 to HIV-1 LTR (http://www.hiv.lanl.gov/). (C) SLBP depletion was associated with higher transcription factor accessibility of promoter regions of both HMGA1 and HIV-1 as defined by EpiQ assay in both HeLa-T4 cells (left panel) and CEM cells (right panel). Real-time PCR was carried out using EpiQ primers specifically designed for human HMGA1 and HIV-1, respectively, and promoter accessibility (%) was quantified. Each heat map was based on 3 independent accessibility values from both the nontarget control and the SLBP experimental arm. Green represents high accessibility, while red represents low accessibility. GAPDH (constitutively expressed, fully accessible) was used as the control. Student's t test; *P < 0.05, **P < 0.01; error bars represent ± SD.
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Supernatants (p24-adjusted), derived from SLBP-depleted and HIV-1-infected cells, did not produce significant changes in β-gal readings in new recipient cells in phase II of our assay ( Figure 3E ). Importantly, to discount the possibility that histone and SLBP reduction was merely a consequence of the stress of cellular HIV-1 infection, we also profiled its expression in infected and uninfected primary mononuclear cells. Neither HIV-1 infection nor the culture conditions that we used impacted histone/SLBP expression levels (Supplemental Figure 8) .
SLBP depletion increases HIV-1 integration and replication.
Life cycle-specific assays revealed that SLBP depletion had the most marked effect on integration and transcription. We used Alu-PCR to quantify levels of integrated provirus and observed an approximately 4-fold increase in HIV-1 integration levels at 48 hours after infection (P < 0.01) in SLBP-depleted HeLa-T4 cells. Similarly, SLBP depletion led to a significant (P < 0.01) increase of HIV-1 integration in lymphocytic CEM cells and primary CD4 + T lymphocytes at 48 hours after infection ( Figure 4A ). To deter- Note that superphysiologic expression of SLBP significantly decreased the HIV-1 enabling activity of TNF-α by 30% (n = 3 biologic replicates). One-way ANOVA with post hoc Tukey's test; *P < 0.05, **P < 0.01; error bars represent ± SD. (C) Plasma levels of TNF-α in the original cohorts (n = 27) were quantified by ELISA and were significantly elevated in the high-VL group. Mann-Whitney test; *P < 0.05; error bars represent ± SEM. (D) The number of study subjects was expanded to include HIV-1-uninfected individuals (n = 23), those on suppressive antiretroviral therapy (ART) (n = 20), and additional individuals with VL less than 2,000 (n = 21) and VL greater than 10,000 (n = 26). Intracellular SLBP expression was approximately 40% higher (*P < 0.05) in the low-VL versus the high-VL group. SLBP protein levels in PBMCs were quantified by ELISA for each subject. One-way ANOVA with post hoc Tukey's test; *P < 0.05; error bars represent ± SEM. (E) A proposed TNF-α/SLBP circuit that impacts HIV-1 integration and transcription. TNF-α induced by proinflammatory stimuli decreases cellular SLBP levels, leading to enhanced HIV-1 integration and proviral transcription via an SLBP-mediated increase in viral and HMGA1 promoter accessibility.
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By performing Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE) (50) assay, we found that SLBP depletion did not significantly change the abundance of active regulatory elements, suggesting that large-scale chromatin alteration by SLBP depletion was not contributing to its HIV-1-centric effects (Supplemental Figure 15) . We next explored whether SLBP depletion induced a chromatin effect(s) on a more localized, HIV-1-centric basis and altered the binding of specific HMGA1 and HIV-1 LTR transcription factors such as SP1 (51, 52) . ChIP assays revealed significantly higher SP1 binding to the HMGA1 promoter at the region of -358 to -213 in both SLBP-depleted HeLa-T4 and CEM cells ( Figure 5A ). ChIP assays on SLBP-depleted and virus-challenged cells revealed an approximately 3-fold increase in SP1 binding to the HIV-1 LTR regions -153 to -22 ( Figure 5B ) in both SLBP-depleted HeLa-T4 and CEM cells. SLBP depletion had no effect on the SP1 expression itself, regardless of HIV-1 infection (Supplemental Figures 16 and 17 ). This prompted us to assess the chromatin structure and local accessibility of HMGA1 and HIV-1 promoters. As seen in Figure 5C , SLBP depletion was indeed associated with significantly (P < 0.05) higher accessibility of both HMGA1 and HIV-1 promoters in both HeLa-T4 and CEM cells. These results partially explained our ChIP findings in which we observed higher transcription of both HMGA1 and HIV-1 without higher levels of active regulatory elements and enhanced expression of the transcription factor SP1.
TNF-α downregulates SLBP expression.
Our results thus far indicated that manipulations of SLBP protein levels altered HIV-1 replication dynamics. We subjected cells to a variety of stresses (e.g., activation, drug and cytokine treatment) known to render cells more susceptible to HIV-1 infection and quantified levels of SLBP. Surprisingly, TNF-α treatment led to reduction of SLBP protein and RNA levels by approximately 40% ( Figure 6A ). Treatment of CEM cells with TNF-α with subsequent HIV-1 infection led to approximately 4-fold (P < 0.01) increase of HIV-1 unspliced RNA levels, consistent with previous reports (51) . Compared with TNF-α-treated cells, forced supraphysiologic expression of SLBP in TNF-α-treated cells blunted the proinflammatory effects with a significant reduction of HIV-1 unspliced RNA levels by approximately 30% (P < 0.05) ( Figure 6B ). We next asked whether a TNF-α/SLBP/HIV-1 circuit was operational in vivo. We compared plasma levels of TNF-α in subjects with low versus high VL. As seen in Figure 6C , plasma levels of TNF-α were significantly higher (P < 0.05) in the high-VL group. Conversely, SLBP levels were approximately 40% (P < 0.05) higher in the low-VL versus the high-VL group ( Figure 6D ). This prompted us to quantify SLBP levels in 2 additional cohorts of 43 individuals with low to undetectable levels of plasma TNF-α: seronegative individuals and those treated with suppressive antiretroviral medications (53) . As seen in Figure 6D , SLBP levels in both of these cohorts were similar to that observed in the low-VL group, supporting the link between plasma TNF-α levels and intracellular SLBP protein expression.
Discussion
The genomic persistence of replication-competent HIV-1 is a substantial barrier to curing infection. While strategies aimed at achieving complete eradication of provirus are being developed and tested, most agree that this is a daunting challenge. Another approach has been to identify and therapeutically implement the components mine the underlying mechanism, we surveyed a panel of 8 host factors, all known to be important for viral integration, including barrier to autointegration factor 1 (BANF1) (38) , polycomb protein EED (39), high mobility group protein A1 (HMGA1) (40) , SWI/ SNF-related matrix-associated actin-dependent regulator of chromatin subfamily B member 1 (SMARCB1) (41), importin-7 (IPO7) (42), transportin-3 (TNPO3) (43) , LEDGF (44) , and uracil-DNA glycosylase (UNG2) (45) . Their RNA expression was compared between SLBP-depleted and matched control HeLa-T4 and CEM cells. Among them, only HMGA1 consistently had a significantly higher expression (P < 0.01) in both RNA ( Figure 4B ) and protein ( Figure 4C ) levels upon SLBP depletion. As a component of preintegration complexes, HMGA1 facilitates HIV-1 integration by stimulating integrase activity (40) . Interestingly, HMGA1 overexpression (Supplemental Figure 9 ) led to an approximately 2.6-fold increase (P < 0.01) in HIV-1 integration level. To determine whether HMGA1 increase following SLBP depletion was mechanistically responsible for increased HIV-1 integration, we subjected cells to simultaneous SLBP and HMGA1 depletion. Compared with SLBP depletion, double depletion significantly decreased HIV-1 integration with levels approaching those in the nontargeting control ( Figure 4D ). Recall that our initial TZM-bl reporter assay also suggested increased proviral transcription upon SLBP depletion. This was directly borne out by a series of experiments in which we used siRNA against SLBP and found an approximately 2-fold (P < 0.01) increase of unspliced HIV-1 RNA at 48 hours after infection in HeLa-T4 cells. A similar pattern of upregulation of RNA expression was also observed in SLBP-depleted CEM cells and primary CD4 + T lymphocytes ( Figure 4E ). We further validated SLBP-mediated effects on viral replication by introducing a mutated form of SLBP (resistant to siRNA degradation but encoding functional SLBP protein; Supplemental Figure 10 ) into SLBP siRNA-transfected HeLa-T4 cells. As expected, provision of exogenous siRNA-resistant SLBP to SLBP-depleted cells abrogated approximately 80% (P < 0.01) of the effects of SLBP depletion on HIV-1 RNA increase ( Figure 4F ). SLBP depletion also led to a significant increase (~1.6-to 2.1-fold) in HIV-1 p24 levels in supernatants of virus-challenged HeLa-T4 and CEM cells and primary CD4 + T lymphocytes (Figure 4G) . SLBP depletion had no impact on HIV-1 binding, reverse transcription, or the expression of key host factors involved in viral budding (Supplemental Figures 11-13) .
SLBP depletion increases HMGA1 and HIV-1 promoter accessibility. Recent investigations have demonstrated that manipulation of histone stability impacts HIV-1 biology (46)
. The most direct example of this has been both in vitro and in vivo work with histone deacetylase inhibitors (HDACIs) such as suberoylanilide hydroxamic acid (47) . These agents appear to have HIV-1-centric effects similar to those of SLBP depletion in that both increase cellular susceptibility to infection and transcription of integrated provirus (48). To determine whether HDACIs and SLBP depletion led to similar perturbations of histone posttranslational modifications, we quantified levels of 4 representative posttranslational modification markers (H3-ac, H3K4m3, H3K9m3, and H3K27m3) and could not find significant changes induced by SLBP depletion (Supplemental Figure  14) . In addition, chromatin environments composed of abundant active regulatory elements (euchromatin) have been associated with increased levels of HIV-1 integration and transcription (49 4 ]-l-arginine, and 1X l-glutamine; Thermo Fisher Scientific). Similarly, 5 million PBMCs from each subject with VL less than 2,000 copies/ml were also pooled and then labeled as VL low . These cells were maintained in RPMI-1640 medium (Thermo Fisher Scientific), designated as "light" medium (containing 10% dialyzed FBS and supplemented with 100 mg/l l-lysine, 100 mg/l l-arginine, and 1X l-glutamine; Thermo Fisher Scientific). These steps were then repeated using a second group of pooled samples from different individuals with comparable high and low viral loads.
Protein extraction and preparation Expanded "heavy" and "light" cells were each spun down at 200 g for 10 minutes. Cells were washed once with cold PBS before mixing with CelLytic M reagent (MilliporeSigma) for 15 minutes on a shaker. The supernatant containing total protein extract was collected after 10 minutes of centrifugation at 12,800 g. Protein concentrations from both "heavy" and "light" cells were determined by Micro BCA Protein Assay Kit (Thermo Fisher Scientific). "Heavy" (2 μg) and "light" (2 μg) protein samples were mixed 1:1 before running on NuPAGE 4%-12% Bis-Tris Precast Gel (Thermo Fisher Scientific) using an XCell SureLock Mini-Cell (Thermo Fisher Scientific). The gel was stained by SimplyBlue SafeStain (Thermo Fisher Scientific). The entire sample lane from the destained gel was cut into 15 equal gel pieces for fractionation. Each piece was washed 3 times with 50% acetonitrile/50% HPLC-grade water before mass spectrometric analysis.
Mass spectrometry and quantitative analysis
Gel pieces were washed, reduced with DTT, and alkylated with iodoacetamide. Gels were then digested with modified trypsin (Promega) at pH 8.3 overnight at 37°C with shaking. The resulting peptide mixtures from each gel piece were analyzed separately by data-dependent microcapillary reversed-phase liquid chromatography tandem mass spectrometry (LC-MS/MS). LC-MS/MS was performed using an EASY-nLC nanoflow HPLC (Thermo Fisher Scientific) with a selfpacked 75 μm ID × 15 cm C 18 column in buffer A (0.1% formic acid in water) coupled to an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific) using an MS-Fourier Transform target value of 5.0 5 and an MS/MS-Ion Trap target value of 3.0 4 in data-dependent acquisition (DDA)/positive ion mode. The LC gradient was produced over 60 minutes from 2% B to 38% B. Buffer B contained acetonitrile. LC/MS-grade solvents were used. The full scan range was acquired between 390 m/z and 1,500 m/z at 30,000 resolution using a Top5 DDA method via collision-induced dissociation (CID). Precursor ions were excluded for a duration of 2 minutes. Nano-ESI spray voltage of +3 kV was used without sheath or auxiliary flow gas. The ion count threshold for MS/MS selection was 700 counts. Activation time and Q values were set as default. Generated MS/MS spectra were searched against the reversed and concatenated nonredundant Human International Protein Index database (version 3.68) using Mascot (version 2.2; Matrix Science). Mascot searches used the fixed modification of carbamidomethyl Cys and variable modifications of oxidation of Met and acetylation of protein N-terminus. Two missed cleavages and trypsin with Proline restriction were used during the searches, and a minimum of 6 amino acid residues were allowed. An MS tolerance of 30 ppm and MS/MS tolerance of 0.8 Da were used during Mascot of a functional cure. A functional cure implies the continued existence of integrated virus but one that has been rendered nonpathogenic by immune, genetic, or pharmacologic means. HIV-1-infected individuals who are able to control viral replication without antiretroviral therapy -that is, elite controllers -are an extreme example of individuals living a functional cure. An important caveat is that even though individuals may be able to completely suppress viral replication, a fraction appears to lose viral control with time, and others appear to be at higher risk of developing illnesses associated with prolonged inflammation (54) . Nevertheless, detailed studies of atypical viral resistance/control have shed light on basic issues of HIV-1 pathogenesis that have been subsequently mined for therapeutic advances (e.g., development of anti-CCR5 drugs).
Here, we set out to determine whether autonomous HIV-1 control was associated with a distinct protein signature. We found that 23 proteins were differentially expressed among individuals with high versus low VL, with histones constituting the largest class. This prompted us to focus on SLBP with its known ability to regulate histone expression. We found that SLBP exerted a multidimensional effect on HIV-1 and that SLBP is relatively underexpressed among individuals with high VL versus low VL. SLBP depletion leads to increased HIV-1 integration and viral replication. Although the effects are similar to those induced by HDACIs such as suberoylanilide hydroxamic acid, we found that acetylation did not play a role in SLBP-induced HIV-1 activation. Rather, SLBP regulates HIV-1 expression by controlling histone metabolism and affecting the accessibility of not only the HIV-1 promoter but also that of the gene encoding HMGA1 that is involved in HIV-1 integration.
Most would agree that endogenous HIV-1 control is largely immunologically based as recent studies indicate (6-11), and our data do not suggest that SLBP protein levels singularly confer controller status. Rather, our work found an unexpected circuit that links TNF-α to SLBP expression in vivo. This allowed us to characterize the effects of proinflammatory stimuli on the HIV-1-centric cellular scaffold. These observations provide insight into HIV-1 acquisition and disease progression. For example, sexually transmitted bacterial and viral infections (STIs) are known to increase HIV-1 susceptibility and replication by their upregulation of proinflammatory cytokines such as TNF-α (55). It is conceivable that STI-induced TNF-α may lead to decreased SLBP expression in mucosal lymphocytes, thereby increasing HIV-1 cellular susceptibility and replication ( Figure 6E) . A similar dynamic may also be implicated in the natural history of untreated HIV-1 disease with high levels of inflammation ensuring the continued infection of CD4 + T lymphocytes. In summary, SLBP links the processes of inflammation, histone metabolism, and HIV-1-centric chromatin accessibility and operates in vivo as an HIV-1-related host regulatory factor.
Methods
Supplemental Methods are available online with this article; doi:10.1172/JCI82360DS1.
Labeling of cells
Five million peripheral blood mononuclear cells (PBMCs) from each subject with VL greater than 10,000 copies/ml were pooled and then labeled as VL high . Cells were cultured in SILAC RPMI-1640 labeling cells. After transfection, cells were incubated in a humidified 37°C/5% CO 2 incubator for 24-48 hours before analysis of gene expression.
β-Gal assay β-Glo Assay System (Promega) was used to quantify β-gal activity on transfected/infected TZM-bl cells (PTA-5659; ATCC), a HeLa cell line that has integrated luciferase and β-gal genes under control of the HIV-1 promoter, by following the manufacturer's instructions. Briefly, culture supernatants were removed and 200 μl lysis buffer was added to each well and incubated for 5 minutes at room temperature to allow complete cell lysis. One hundred microliters of the cell lysate was then transferred to a white 96-well Costar microwell plate, and a volume of β-Glo reagent equal to that of the cell lysate was added before measurement of the luminescence using a TopCount NXT Microplate Scintillation and Luminescence Counter (PerkinElmer) and a SpectraMax M5 (Molecular Devices).
Real-time PCR
Total RNA was extracted using TRIzol (Thermo Fisher Scientific) following standard protocols. The concentrations of all RNA samples were determined by spectrophotometry. An equal amount of total RNA was used for reverse transcription and PCR, which was carried out on a Mastercycler gradient 5331 (Eppendorf) using Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Primers were designed using PrimerQuest online tools available at http://www.idtdna.com/ Primerquest/Home/Index. Primer sequences are provided in Supplemental Table 9 . Real-time PCR was performed on Mastercycler ep realplex (Eppendorf). All reactions were performed in 96-well plates with the following reagents in a final volume of 20 μl: 1 μl of primers (5 μM each for forward and reverse) and 2X Maxima SYBR Green qPCR Master Mix from Thermo Fisher Scientific. Ten nanograms of cDNA was added to this mixture. Triplicate reactions of the target and housekeeping genes were performed simultaneously for each cDNA template analyzed. The PCR reaction consisted of an initial enzyme activation step at 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. A threshold cycle (Ct) value was obtained for each sample, and triplicate sample values were averaged. The 2 -ΔΔCt method was used to calculate relative expression of each target gene.
Western blotting
Cellular protein was harvested, quantified by Micro BCA assay, and run on NuPAGE 4% to 12% Bis-Tris Precast Gel (Thermo Fisher Scientific) using an XCell SureLock Mini-Cell (Thermo Fisher Scientific). After electrophoresis, the resolved proteins were transferred onto PVDF membrane using an iBlot Dry Blotting System (Thermo Fisher Scientific). Upon completion of the transfer, membranes were blocked for 1 hour before addition of antibodies to specific proteins (Supplemental Table 10 ) and incubation overnight at 4°C. Finally, proteins were detected and analyzed by Odyssey CLx Infrared Imaging System (LI-COR) after incubation with IRDye 680LT-and 800CW-conjugated secondary antibodies for 30 minutes followed by 4-time PBS with 0.1% Tween 20 washes.
Quantification of HIV-1 integration by Alu-gag PCR DNA was extracted by Genomic DNA Purification Kit (Thermo Fisher Scientific) from HIV-1-infected cells. DNA concentration was determined by SmartSpec Plus (Bio-Rad) spectrophotometer. An equal searches. The peptide and protein FDR was set at 1%. Protein quantitation was achieved with MaxQuant software (version 1.0.13.13; http://www.maxquant.org) requiring at least 2 peptides per protein (1 razor and 1 unique) for quantitation. Normalized "heavy"/"light" (H/L) ratios were used for all subsequent interpretation.
Bioinformatic analysis
Protein quantitation. Two prerequisites were applied to ensure greater confidence in the accuracy of the MS-derived peptide ratios: (a) Two or more quantifiable peptides were required to be associated with a given protein.
(b) In order to determine significantly up-and downregulated protein candidates, conservative cutoff values were calculated as follows: median and SD (σ) of normalized H/L ratios were calculated using log-transformed data of all quantified proteins. The cutoff of value (median ± 2σ) was calculated in log space that was then transformed back into linear space. All identification and quantitation were also manually inspected using previously published methodologies (56) (57) (58) .
Histogram of H/L ratio distribution.
Normalized H/L ratios of all quantified proteins were log 2 transformed, and plotted using SigmaPlot (version 12.5; Systat Software).
DAVID analysis. To find significantly overrepresented gene ontology terms, Database for Annotation, Visualization and Integrated Discovery (DAVID, version 6.7; http://david.abcc.ncifcrf.gov) analysis was used (59) , and functional annotation charts were created with default settings.
HIV-1/host protein network analysis. The most recent (November 2015) HIV-1/human protein interaction database (http://www.ncbi. nlm.nih.gov/genome/viruses/retroviruses/hiv-1/interactions/) (26) was manually examined to identify species shared by the database and our MS-generated results. The database contains 3,592 human proteins, which have been reported to interact with proteins encoded by HIV-1.
Cell culture, HIV-1 challenge, and p24 quantification HeLa-T4 (#154, NIH AIDS Reagent Program), a human cervical epithelial carcinoma cell line modified to stably express CD4 and CXCR4, was used as a preliminary screening tool. It TNF-α and SLBP expression analysis in subjects Plasma samples from 27 study subjects (based on availability) were used to determine TNF-α expression in HIV-1-infected patients. Among them, 11 study subjects with VL less than 2,000 were assigned to the low-VL group, while 16 subjects with VL greater than 10,000 were assigned to the high-VL group (Supplemental Table 11 ). TNF-α protein levels were quantified by TNF-α Human Ultrasensitive ELISA Kit (Thermo Fisher Scientific) from 100 μl plasma of each subject. PBMC samples from 90 study subjects were used to determine SLBP expression in vivo. Among them, 21 study subjects with VL less than 2,000 were assigned to the low-VL group, 26 subjects with VL greater than 10,000 were assigned to the high-VL group, 20 subjects under antiretroviral therapy for at least 1 year were assigned to the antiretroviral therapy group, and 23 healthy donors were assigned to the seronegative group (Supplemental Table 12 ). SLBP protein levels were determined by SLBP ELISA kit (MyBioSource) from protein extracts obtained from 250,000 cells of each subject. 
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ML designed research studies, conducted experiments, acquired data, analyzed data, and cowrote the manuscript. LDT conducted experiments, acquired data, analyzed data, and proamount of DNA from control and experimental cells was applied to the following 2-step PCR (60): First-round Alu-gag PCR was carried out by mixing of primers (forward: 5′-CCTCCCAAAGTGCTGGGATTA-CAG-3′; reverse: 5′-GTTCCTGCTATGTCACTTCC-3′), Phusion polymerase (New England Biolabs), and extracted genomic DNAs. Second-round real-time (nested) RU5 PCR was performed by combining of primers (forward: 5′-TTAAGCCTCAATAAAGCTTGCC-3′; reverse: 5′-GTTCGGGCGCCACTGCTAGA-3′) and probe (5′-/56-FAM/CCA-GAGTCA/ZEN/CACAACAGACGGGCACA/3IABkFQ/-3′) with the amplicons from first-round PCR and Luminaris Probe qPCR Master Mixes (Thermo Fisher Scientific).
HIV-1 unspliced transcript quantification
Aforementioned standard protocols (see "Western blotting" above) were followed for RNA extraction, reverse transcription (cDNA synthesis), and real-time PCR. Unspliced RNA detection was carried out using the following primers (61): forward: 5′-TCAGCCCAGAAGTAATACCCATGT-3′; reverse, 5′-CACTGTGTTTAGCATGGTGTTT-3′); and probes: 5′-/56-FAM/ATTATCAGA/ZEN/AGGAGCCACCCCACAAGA/3IABkFQ/-3′.
siRNA-resistant SLBP cDNA design, synthesis, and expression The coding sequence of human SLBP (NM_006527.3) was modified by replacement of existing codons with alternative ones without changing of the amino acid sequence. The newly designed SLBP cDNA (Supplemental Figure 10 ) was synthesized by GenScript and was inserted into pcDNA3.1+N-HA expression vector (SLBP res ). The SLBP res construct was transfected into cells, and Western blot was used to quantify SLBP expression levels and its resistance to SLBP siRNAs. Parallel experiments using empty control plasmid (provided by Xiaoli Tang, Alpert Medical School of Brown University) were also carried out.
ChIP assay
ChIP assay was performed using a SimpleChIP Enzymatic Chromatin IP Kit (Magnetic Beads) from Cell Signaling Technology following the manufacturer's protocols. Briefly, HeLa-T4 or CEM cells were treated with 1% formaldehyde for 10 minutes to cross-link proteins to DNA. The isolated nuclei were digested with micrococcal nuclease and further sonicated to prepare 150-to 900-bp DNA/protein fragments. ChIP-grade anti-SP1 (Abcam) was used to immunoprecipitate SP1 binding fragments. The precipitated chromatin was then treated with proteinase K (2 hours at 65°C) to reverse cross-links. Finally, DNA was purified with attached spin column and subjected to real-time PCR. Normal rabbit IgG (Cell Signaling Technology) was used as a negative control.
EpiQ chromatin analysis
EpiQ assay was carried out according to the manufacturer's instructions (Bio-Rad). Briefly, cells were spun down and washed once with PBS before resuspension in EpiQ chromatin buffer. Half of the suspension was treated with EpiQ nuclease, while the other half received no treatment. Following digestion, DNA was isolated from both nuclease-treated and -untreated samples with columns supplied in the kit. EpiQ primers specific to the promoter of human HMGA1 and the LTR of HIV-1 were designed according to the supplied Primer Design and qPCR Optimization Guide, per the manufacturer. Real-time PCR was performed on both nuclease-treated and -untreated samples with primers specific to HMGA1 and HIV-1 along with those designed for reference gene (RHO) and control gene (GAPDH). The real-time PCR
